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a  b  s  t  r  a  c  t

Breath  analysis  promises  to  be  a noninvasive  method  for  diagnosis  of  lung  cancer  in  its early  stages.  Cer-
tain  ketones  and  aldehydes  in  exhaled  breath  have  been  identified  as  indicators  of  lung  cancer.  We
report  a preconcentration  device  or preconcentrator  with  thousands  of  micropillars  fabricated  from
a silicon  wafer  that  have  been  engineered  to  selectively  trap  trace  gaseous  ketones  and  aldehydes  in
exhaled  breath.  The  micropillar  surfaces  were  functionalized  with  a quaternary  ammonium  aminooxy
salt,  2-(aminooxy)ethyl-N,N,N-trimethylammonium  iodide  (ATM),  for  capturing  trace  carbonyl  com-
etones and aldehyde
TICR-MS

pounds  flowing  through  the  preconcentrator  by  means  of  an  oximation  reaction.  The  unreacted  ATM
and reacted  ATM  adducts  were  eluted  out of the  preconcentrator  with  methanol  and  were  directly  ana-
lyzed  by  Fourier  transform-ion  cyclotron  resonance  mass  spectrometry  (FTICR-MS).  The preconcentration
results  indicate  that  the  capture  percentages  of  acetone  depend  on the  molar  ratio  of  ATM/acetone.  The
analysis  of exhaled  breath  demonstrates  that  the  preconcentrator  is suitable  for  quantitative  analysis  of
ketones  and  aldehydes  in  exhaled  breath.
. Introduction

The analysis of human exhaled breath has attracted much atten-
ion because of its potentially wide applications in health diagnosis,

etabolite bioinformatics, and drug discovery [1–4]. Lung can-
er continues to be a leading cause of mortality among all cancer
atients in the world. The crucial factor in the fatality rate of lung
ancer is the lack of early detection method, a major key for improv-
ng survival rates of lung cancer and other cancer patients alike [5].
ome volatile organic compounds (VOCs) in exhaled breath have
een found to be related to metabolic output of lung cancer [1,2].
he analysis of VOCs in exhaled breath could be used for develop-
ng a noninvasive and inexpensive diagnostic method for detection
f lung cancer in its early stages [6–11]. Since there are hundreds
f trace VOCs mixed in exhaled breath, a preconcentration pro-
ess is generally required to concentrate VOCs before they can be
nalyzed by most current analytical instruments [1–4]. There are
everal preconcentration methods including physical adsorption
sing carbon-based adsorbents [12–15],  solid-phase microextrac-
ion (SPME) [6,16,17] and polymers [18–21].  Gas chromatography

GC) coupled with a mass spectrometer (MS) is widely used for
nalysis of VOCs in breath as indicated in recent review papers
1–4]. Other techniques including proton transfer reaction mass

∗ Corresponding author. Tel.: +1 502 852 6349; fax: +1 502 852 6355.
E-mail address: xiaoan.fu@louisville.edu (X.-A. Fu).
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© 2012 Elsevier B.V. All rights reserved.

spectrometry (PTR-MS) [22–24] and selected ion flow tube mass
spectrometry (SIFT-MS) [25–28];  electronic nose [29–32] and dif-
ferential mobility spectrometer [33–35] are also used for analysis
of VOCs in exhaled breath.

In recent years, several studies indicate that certain ketones
and aldehydes in exhaled breath could be used as metabolic mark-
ers of lung cancer for noninvasive diagnosis of lung cancer [6–11].
Volatile carbonyl compounds are invariably produced in biochem-
ical pathways as intermediates due to their reactive nature. Some
of these compounds are unique to a given metabolic pathway.
Ketones and aldehydes in exhaled breath can be detected by PTR-
MS  [22–24] and SIFT-MS [25–28] without any preconcentration
process. The challenge for PTR-MS and SIFT-MS is to identify com-
pounds with certainty since several compounds may overlap on
a particular mass-to-charge ratio [6].  Solid phase microextraction
(SPME) with adsorbed O-2,3,4,5,6-(pentafluorobenzyl) hydroxy-
lamine hydrochloride (PFBHA) has been used for analysis of
aldehydes in exhaled breath [9,10].  SPME is a popular precon-
centration method introduced a decade ago as a rapid extraction
technique for analysis of volatile compounds from a variety of
matrices [36,37].  Preconcentrators fabricated on silicon wafers
using microelectromechanical system (MEMS) technology typi-
cally consist of a microhotplate and an adsorbent placed adjacent

to the heating element [19,20,38–41]. Physical adsorption for pre-
concentration of trace VOCs and thermal desorption to release the
adsorbed VOCs procedures are commonly used for MEMS pre-
concentrators. MEMS-based preconcentrators have low physical

dx.doi.org/10.1016/j.snb.2012.07.034
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
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S1813 is coated on the wafer. After photolithography, the thermal
oxide in the preconcentrator area is patterned as deep reactive ion
etching (DRIE) mask by wet etching in a buffered oxide etching
M. Li et al. / Sensors and A

dsorption efficiency and poor selectivity issues [38]. Currently,
here is no established protocol for analysis of ketones and alde-
ydes in exhaled breath. Development of such a protocol may  lead
o a simple noninvasive method for early lung cancer detection.

In this paper, we report a fabricated preconcentrator with
ustom-engineered surface functionality for preconcentrating
etones and aldehydes in exhaled breath as cationic derivatives
hrough oximation reaction instead of physical adsorption. The
ustom-engineered surface functionality was realized by adsorbing
uaternary ammonium aminooxy salt, 2-(aminooxy)ethyl-N,N,N-
rimethylammonium iodide (ATM), on the surfaces of micropillars
n the preconcentrator. The entire trapped analytes can be eluted
y flowing methanol through the preconcentrator instead of using
hermal desorption and directly analyzed by Fourier-transform
on cyclotron resonance mass spectrometry (FTICR-MS). Further-

ore, the cationic derivatives enhance the sensitivity of FTICR-MS.
lthough FTICR-MS is used for analysis of VOCs with better reso-

ution in this work, other mass spectrometry methods can also be
sed.

. Materials and methods

.1. Materials

All reagents and solvents, including deuterated acetone
acetone-d6) (99.9%), acetone (99%), 3-pentanone (99%), n-hexanal
98%), n-octanal (99%) and methanol (99.9%) were purchased
rom Sigma–Aldrich. The aminooxy-based reactive coating, 2-
aminooxy)ethyl-N,N,N-trimethylammonium iodide (ATM) was
ynthesized according to a published method [42].

.2. Design and fabrication of preconcentrators

The computational fluid dynamics (CFD) modulus of Coventor-
are package was used to simulate gas flow in the preconcentrator

nd guide the design of the preconcentrator structure in order to
chieve uniform gas flow distribution in the preconcentrator. For
ll simulations, the gas inlet pressure was set to 25 psi and the
as flow rate was varied in a range from 1 ml/min to 5 ml/min.

 combination of the inlet and outlet structures, micropillar size
nd array pattern, and distances among micropillars were simu-
ated using the CoventorWare software. Fig. 1 shows an optimized
D structure of the preconcentrator with square micropillars in the
hannel. The simulated preconcentrator dimensions were scaled

own accordingly in order to save computer memory and acceler-
te the simulation process. The preconcentrator was designed with
ore than five thousand micropillars in the flow channel in order

o provide a larger surface area and to uniformly distribute gas flow

ig. 1. CFD simulation of a preconcentration device with micropillars in the channel.
Fig. 2. CFD simulated flow pattern in the center area of the preconcentrator.

so that trace gas molecules have higher probability to collide with
the aminooxy group of ATM molecules on the micropillar surfaces
for oximation reaction. The CFD simulation results indicate that the
inlet angle affects the flow pattern and flow velocity near the inlet.
For the preconcentrator with a triangular shape inlet and outlet and
the micropillar array pattern as shown in Fig. 1, a uniform gas flow
velocity distribution is achieved when the inlet and outlet trian-
gular angles (2�) are smaller than 120◦. Fig. 2 shows an enlarged
flow pattern in the middle section of the preconcentrator. The gas
flow velocity near the surfaces of micropillars is smaller than that in
the centers between two  micropillars in cross-sectional lines. Gas
flow velocity distribution is uniform in the cross-sectional areas.
The preconcentrators with optimized structure were fabricated and
tested for preconcentration of carbonyl compounds. The fabrica-
tion procedures are commonly used for microelectromechanical
systems (MEMS) device fabrication [38–41].  Fig. 3 shows the fabri-
cation process flow. The whole fabrication process requires only
one photo mask which makes fabrication simple. Starting from
Fig. 3a, the surface of the silicon wafer is thermally oxidized to form
a 0.5 �m SiO thin film. Then, a positive photo resist Microposit
Fig. 3. Fabrication process flow in cross-sectional view.



132 M. Li et al. / Sensors and Actuato

Fig. 4. Schematic illustration of the oximation reaction of ATM with ketones and
aldehydes, ATM ions adsorbed on the silicon dioxide surfaces of the micropillars.
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Fig. 5. Schematic diagram of the preconcentration setup.

olution (BOE) as shown in Fig. 3b. The micropillars in the pre-
oncentrator channel are defined by DRIE using a STS silicon DRIE
achine (Fig. 3c). Next, the wafer is oxidized to form a 50 nm SiO2

ayer on the micropillar surfaces in a “wet” O2 and H2O atmosphere
n a thermal oxidation furnace. Then, the wafer is sealed by anodic
onding with a glass wafer (Fig. 3d). Subsequently, the wafer is
iced and the connection ports are opened. The surface coating of
he micropillars using ATM ions was done by injecting a known
mount of synthesized ATM-iodide salt in methanol into the pre-
oncentrator channel through one connection port, followed by
vaporation of methanol in a vacuum oven. The slightly negative
harge of silicon oxide on the micropillars enforces the close asso-
iation of ATM with the surfaces of the micropillars. Fig. 4 shows
he schematic illustration of ATM adsorbed on micropillar and oxi-

ation reaction with carbonyl compounds. Finally, the inlet and
utlet of the preconcentrator were connected with 190 �m O.D.,
00 �m I.D. deactivated fused silica tubes using a silica-based bond-

ng agent.

.3. Preconcentration of carbonyl compounds

The fabricated preconcentrators were characterized by precon-
entration of trace ketones and aldehydes in a carrier gas, helium
He), using the setup shown in Fig. 5. A preconcentrator is con-
ected to an ultra high purity He gas cylinder by the attached fused
ilica tubes, septa and stainless steel tube. A mechanical needle-
alve made by the Hoke Company is used to adjust the He flow rate,
hile a flow meter is used to measure the He flow rate. There is no
etectable leakage of He in the setup verified by a He gas leakage
etector. After the He flow rate is stabilized and the setup is flushed
or at least 10 min, a known amount of acetone-d6 or ketone and
ldehyde mixture diluted in methanol is injected into the vial with
e flowing through the preconcentrator as shown in Fig. 5. After
owing 20 min, the flow is stopped. The flow rate and flow time
re recorded after the injection of ketone and aldehyde. Then the
reconcentrator is disconnected from the setup. The reacted ATM
dduct and unreacted ATM are eluted out of the preconcentrator
y flowing methanol from one slightly pressurized vial through the
reconcentrator, then into an empty collecting sample vial. The col-

ected solutions were directly used for FTICR-MS analysis without

ny further process.

To study the effect of ATM/acetone molar ratios on the capture
fficiency, a constant amount of 3.65 × 10−7 mole ATM was loaded
nto each preconcentrator, while the amount of acetone added to
rs B 180 (2013) 130– 136

the He flow stream was varied. After preconcentration, unreacted
ATM and reacted ATM adducts were eluted out of the preconcen-
trator. Then, a 5 �l solution containing 1.14 × 10−8 mole acetone-d6
and 1.17 × 10−7 mole ATM in methanol was added into each eluted
methanol solution as the internal reference for FTICR-MS analysis.
The reason for high ATM/acetone-d6 molar ratio is to ensure com-
plete reaction of acetone-d6 as the internal reference. The amount
of captured ketones and aldehydes was  determined by comparing
the signal abundance of ATM–acetone-d6 with that of ATM–ketone
and ATM–aldehyde adducts of FTICR-MS spectra.

2.4. FTICR-MS instrumentation

The samples of eluted methanol solutions were analyzed on a
hybrid linear ion trap–FTICR-MS (Finnigan LTQ FT, Thermo Elec-
tron, Bremen, Germany) equipped with a TriVersa NanoMate ion
source (Advion BioSciences, Ithaca, NY) with an electrospray chip
(nozzle inner diameter 5.5 �m).  The TriVersa NanoMate was oper-
ated in positive ion mode by applying 2.0 kV with no head pressure.
Initially, low resolution MS  scans were acquired for 1 min to ensure
the stability of ionization, after which high mass accuracy data were
collected using the FTICR analyzer where MS  scans were acquired
for 8.5 min  and at the target mass resolution of 100,000 at 800 m/z.
Mass spectra were exported as exact mass lists into a spreadsheet
file using QualBrowser 2.0 (Thermo Electron), typically exporting
all of the observed peaks. ATM and ATM derivative species were
assigned based on their accurate mass by first applying a small (typ-
ically <0.0005) linear correction based on the observed mass of the
internal standard. Detailed FTICR-MS information can be found in
a published paper [43].

3. Results and discussion

The fabrication processes are commonly used in MEMS  device
fabrication. Fig. 6a shows an optical micrograph of the fabricated
preconcentrator. The preconcentrator has a micropillar array area
of 7 mm  × 5 mm.  The total empty space volume in the preconcen-
trator is about 5 �l. Fig. 6b shows a SEM micrograph of the micropil-
lars. The micropillars have high-aspect-ratio with dimensions of
50 �m × 50 �m × 250 �m.  The distances from center to center of
the micropillars are 150 �m.  There are more than five thousand
square micropillars within the microreactor corresponding to a
total micropillar surface area of about 260 mm2. ATM molecules
adsorbed on the surfaces of the micropillars react with carbonyl
compounds through an oximation reaction as shown in Fig. 4.

The preconcentration setup as shown in Fig. 5 was tested
by preconcentration of added trace acetone-d6 in He flowing
through the preconcentrator. Acetone-d6 was  used to distin-
guish any trace carbonyl compound contamination from ambient
air. 3.65 × 10−7 mole to 3.65 × 10−11 mole of acetone-d6 in 10 �l
methanol was  injected into the vial as shown in Fig. 5 and evap-
orated into He. The flow rate of He was  adjusted to 5 ml/min and
the flow time was 20–30 min. The flow time was  recorded imme-
diately after injection of acetone-d6. For even the lowest amount
(3.65 × 10−11 mole) of added acetone-d6 in the He, acetone-d6 was
trapped and detected by FTICR-MS. More than 98% loaded reacted
and unreacted ATM was  eluted with 10 �l methanol [44]. Trace ace-
tone contamination from ambient air was  also detected. The loaded
3.65 × 10−7 mole of ATM was  eluted out of the microreactor with
about 40 �l methanol.

A series of experiments for preconcentrating acetone at differ-

ent ATM/acetone molar ratios was performed to study the effect of
ATM/acetone ratio on the capture percentages of acetone. In this
series of experiments, 3.65 × 10−7 mole to 3.65 × 10−11 mole ace-
tone in 10 �l methanol was  added into the He flowing through
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Fig. 6. (a) Optical micrograph of a fabricated preconcentrator and (b) SEM micrograph of the micropillars.

acetone-d6 was  added to the eluted solution as the internal reference.
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Fig. 7. FTICR-MS spectrum of preconcentrated acetone and ATM–

he preconcentrator for preconcentration of the added acetone.
 known amount of acetone-d6 completely reacted with ATM in
ethanol was added into each eluted solution as the internal ref-

rence for FTICR-MS analysis. Fig. 7 shows a typical FTICR-MS
pectrum of an eluted ATM adduct solution. The spectral region
epicts the oximation product of ATM with acetone-d6 (165.18686

on) as the internal reference. Fig. 7 also shows the captured
cetone reacted with ATM (159.14908). The amount of captured
cetone can be determined by comparing the relative abundance of
TM–acetone-d6 with that of ATM–acetone. The capture percent-
ge of acetone was calculated by dividing the captured amount of
cetone by the added amount of acetone. Fig. 8 shows the cap-
ure percentage of acetone by the preconcentrator. The capture
fficiency is affected by the ATM to acetone molar ratio. At the
TM/acetone molar ratio of 1:1, about 83% of acetone flowing
hrough the preconcentrator can be captured. As the ATM/acetone
olar ratio increased to larger than 5:1, the capture efficiency

chieves 99% under the same operation condition. This result indi-
ates that the designed preconcentrator based on the simulation

ATM/acetone molar ra�o

Fig. 8. The relationship between capture percentage of acetone and the
ATM/acetone molar ratio.
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Fig. 9. FTICR-MS spectrum of preconcentra

rovides uniform gas flow distribution and high probability for
etones and aldehydes to react with ATM. Since ketone and alde-
yde in exhaled breath are in trace level normally from ppbv to
ptv range [9–11], it is easy to achieve an ATM/ketone or aldehyde
olar ratio higher than 10:1 by increasing ATM load in the precon-

entrators in order to obtain 99% capture efficiency. For the lowest
mount of acetone (3.65 × 10−11 mole) evaporated in the He flow
tream at a flow rate of 5 ml/min for 20 min, the equivalent concen-
ration is 3.65 × 10−10 mol/L (∼8.9 ppbv). The FTICR-MS signal of
TM–acetone adduct for the sample of 3.65 × 10−11 mole acetone
as still very strong. The reported ketone and aldehyde concen-

rations in exhaled breath of healthy human beings are in ppbv to

ptv range [9–11,44–46].  Therefore, this method is well suitable
or preconcentration and analysis of exhaled breath.

In order to characterize the capture efficiencies for individ-
al carbonyl compound in gas mixtures, a solution containing

Fig. 10. FTICR-MS spectrum of exhaled breath 
rbonyl compound by the preconcentrator.

3.65 × 10−8 mole of acetone-d6, 3-pentanone, n-hexanal and
n-octanal in methanol was  injected into the vial with He flow-
ing through the preconcentrator as shown in Fig. 5. 15 �l of
3.65 × 10−7 mole of ATM–iodide in methanol solution was
injected into the preconcentrator to functionalize the sur-
faces of the micropillars for preconcentration of ketones and
aldehydes. Fig. 9 shows a FTICR-MS spectrum of the preconcen-
trated ketones and aldehydes. The preconcentrator successfully
captured all aldehydes and ketones. The capture efficiency of
acetone-d6 is higher than that of 3-pentanone, while the capture
efficiency of n-hexanal is higher than that of n-octanal. This
result may  indicate the reactivity difference between ketones

and aldehydes with different alkyl chains due to increased
steric hindrance in oximation reaction. Therefore, the reac-
tivity of ATM with ketones and aldehydes affects the capture
efficiency.

preconcentrated by the preconcentrator.
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We  have tested the preconcentrator for preconcentrating
etones and aldehydes in exhaled breath [44]. The collection of
xhaled breath samples was approved by Internal Review Board
IRB). Tedlar’s bags with 1 Liter size were used to collect mixed
lveolar breath. The breath gas in the Tedlar’s bag directly flew
hrough the preconcentrators by applied vacuum using an oil free
iagram vacuum pump. Fig. 10 shows a typical FTICR-MS spectrum
f exhaled breath samples. Ketones and aldehydes with alkyl chains
rom C1 to C12 were detected. The preliminary results indicated
hat by using acetone-d6 reacted with ATM as the internal ref-
rence, the concentrations of all detected ketones and aldehydes
n exhaled breath were determined [44]. This result demonstrates
he preconcentrator is suitable for preconcentration of carbonyl
ompounds in exhaled breath. Future work on the relationship
etween ATM reactivity the capture efficiency and identification of
he captured carbonyl compounds in exhaled breath is required for
uantitative analysis of ketones and aldehydes in exhaled breath.

. Conclusions

The results of this work show that the silicon-based preconcen-
rator can capture trace acetone with an efficiency of 99% or higher.
he unique microstructure of the preconcentrator provide uniform
as flow and good oximation reaction probability between ATM on
he surfaces of micropillars and gaseous carbonyl compounds. The
ximation reaction between the functional cationic aminooxy com-
ounds coated on the surfaces of micropillars and gaseous carbonyl
pecies is the key for the selective capture of ketones and aldehydes.
he unique combination of aminooxy and quaternary ammonium
roups also enables direct positive mode analysis by mass spec-
rometry, such as demonstrated here using FTICR-MS. Furthermore,
he preconcentration efficiency is improved by avoiding the current
ractices of physical adsorption and thermal desorption for ana-

yte detection. The use of solvent elution is effective for recovery
f more than 98% of the oxime ether adducts. The combination of
reconcentrator design and cationic aminooxy chemistry make the
resent preconcentrator approach attractive for analysis of ketones
nd aldehydes in exhaled breath.
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